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Laboratory observations of vortex dynamics in Bose-Einstein condensates (BECs) are essential for determi-
nation of many aspects of superfluid dynamics in these systems. We present a novel application of dark-field
imaging that enables in situ detection of two-dimensional vortex distributions in single-component BECs, a step
towards real-time measurements of complex two-dimensional vortex dynamics within a single BEC. By rotating
a 87Rb BEC in a magnetic trap, we generate a triangular lattice of vortex cores in the BEC, with core diameters
on the order of 400 nm and cores separated by approximately 9 µm. We have experimentally confirmed that the
positions of the vortex cores can be determined without the need for ballistic expansion of the BEC.
PACS numbers: 42.79.Mt, 67.85.De, 67.85.Jk
Quantized vortices in superfluids serve as localized indica-
tors of the superfluid’s dynamics. Two-dimensional (2D) vor-
tex distributions are especially relevant in recent experimen-
tal efforts to better understand the fluid dynamics of BECs,
including vortex dipole and cluster formation [1], 2D quan-
tum turbulence [2, 3], formation and decay of persistent cur-
rents [2, 4–6], and the Berezinskii-Kosterlitz-Thouless transi-
tion [7–9]. However, laboratory visualization of vortex cores
in a minimally destructive manner that allows for the track-
ing of vortex motion has remained a considerable challenge.
Given the sub-micron size of a vortex core, most experiments
involving vortex imaging have relied on a period of ballis-
tic expansion of the BEC prior to image acquisition, limit-
ing observations to a single image of the BEC; see Ref. [10]
for an overview of such experiments. Stroboscopic expan-
sion and probing of small fractions of condensed atoms has
enabled the determination of few-vortex dynamics in a single
BEC [11], although the utility of this technique in measure-
ments of many-vortex dynamics is not yet known. In order to
detect the motions of numerous vortices, new imaging proce-
dures must be explored. Here we demonstrate single-shot in
situ imaging of a 2D vortex distribution in a rotating BEC, ob-
tained by applying a high-angle dark-field imaging technique
that is similar to methods commonly employed in other ap-
plications of microscopy [12]. With additional modifications,
this imaging method should be amenable to the acquisition
of multiple images of a single BEC, and hence offers the po-
tential for experimental determination of the dynamics of 2D
vortex distributions.
To date, the most versatile demonstrated method for imag-
ing the dynamics of an arbitrary few-vortex distribution in a
BEC is that of Freilich et al. [11], in which small fractions of
the atoms from a single BEC are repeatedly extracted, ballisti-
cally expanded, and imaged. This technique allows for the ac-
quisition of sequential absorption images of a single BEC, but
since it relies on a period of expansion before vortex cores are
resolvable, this method may present difficulties in determining
the positions of vortices within a tightly packed vortex clus-
ter. Additionally, the required expansion time limits the acqui-
sition rate of these images, making the motion of more than
three or four cores difficult to track as inter-vortex distances
decrease and vortex core positions change more rapidly. Min-
imally destructive, in situ observations of vortex dynamics in
a single BEC have also been obtained by filling the vortex
core with atoms in a different atomic state [13]. Filling the
core increases the size of the vortex and enables it to be easily
resolved in situ with phase contrast imaging techniques, but
interactions between the two atomic states strongly affect the
dynamics of the quantum fluid.
Our imaging approach involves an adaptation of dispersive
dark-field imaging [12]. Conceptually, in dark-field imaging,
the BEC is treated as a phase object that coherently refracts
light from an imaging probe beam; see Ref. [14] for a detailed
discussion of this imaging method. Briefly, with a monochro-
matic probe laser beam of approximately uniform intensity
I0 propagating along the z direction, the spatially dependent
phase shift φ(x, y) acquired as the probe passes through the
BEC is given by
φ(x, y) = −n˜(x, y) σ0
(
∆/Γ
1 + 4(∆/Γ)2 + I0/Isat
)
. (1)
In this expression, n˜(x, y) =
∫
n(x, y, z) dz is the z-integrated
column density of the BEC obtained from the full atomic
density distribution n(x, y, z), σ0 is the resonant atom-photon
scattering cross-section, ∆ = ω − ω0 is the detuning of the
probe frequency ω from atomic resonance ω0, Γ is the natural
linewidth of the atomic transition, and Isat is the transition sat-
uration intensity. As illustrated in Fig. 1(a), an opaque mask
placed on-axis in the Fourier plane of an imaging system acts
as a high-pass spatial filter, blocking the unrefracted compo-
nent of the probe beam, but allowing the light refracted by
the BEC to reach the camera. Andrews et al. [15] first ap-
plied dispersive dark-field BEC imaging as a minimally de-
structive alternative to absorption imaging, and demonstrated
multi-shot imaging of a single BEC. More recently, Pappa et
al. [16] employed near-resonant dark-field imaging to make
highly sensitive measurements of the components of a spinor
BEC, reporting a detection limit of about seven atoms. In both
of these applications of the dark-field technique, the intent was
to image the bulk profile of the BEC, rather than locate micro-
scopic features within the BEC.
We use dark-field imaging to isolate the imaging light scat-
tered by sub-micron features within the BEC, and in partic-
ular, to identify the positions of vortex cores. A vortex core
is free of condensed atoms, and therefore the core position
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FIG. 1. (a) BEC imaging optics (not to scale). 780-nm probe light
(shaded in gray) is directed towards the BEC along the vertical (ax-
ial) imaging axis. Light refracted by the BEC (represented by dashed
lines) is collected with a microscope objective, and imaged on the
CCD camera with a measured optical system magnification of M∼20.
A mask placed in the intermediate Fourier plane of the imaging sys-
tem provides a high-pass spatial filter. (b) Image of a US Air Force
resolution test target, obtained with an off-line replica of the imag-
ing system using 780-nm laser light and showing group 6, element
1 (bottom row), and group 7, elements 4-6 (top three rows). (c)
Zoomed image of group 7, element 6, the features enclosed in the
superimposed white box in (b). These features have a line width of
2.19 µm with a center-to-center separation of 4.38 µm, setting the up-
per bound on the resolution of our imaging system. The image of the
target is used to determine a measured magnification of M=19.7±0.4,
where the error is due to our uncertainty in measuring the periodicity
in the test target image. All images obtained with the offline imaging
system were taken with a Point Grey Firefly MV CMOS camera with
6 µm x 6 µm pixels.
corresponds to a steep density gradient over a distance on the
order of the healing length [17], approximately 400 nm for our
parameters. Such a sharply localized density feature acts as a
strong lens that refracts light into high spatial frequencies. By
carefully selecting the size of the dark-field mask, we remove
the low spatial frequencies associated with the more gradual
changes in the BEC density profile, allowing only the light re-
fracted by the vortex cores to reach the camera. Without the
large background signal of the bulk BEC, it is then feasible to
pick out the refracted signal due to each vortex core without
expanding the BEC. We describe this process as in situ vortex
imaging due to the ability to detect vortex cores without us-
ing a period of ballistic expansion, although all BEC imaging
procedures are at least somewhat destructive.
For the images of vortices reported here, we formed BECs
of 5 2S 1/2 |F = 1,mF = −1〉 87Rb atoms in a magnetic time-
averaged orbiting potential (TOP) trap [18], with radial and
axial trap frequencies of (ωr, ωz) ∼ 2pi×(8, 16) Hz, BEC atom
numbers of approximately 1.8 x 106, and BEC Thomas-Fermi
radii of (Rr,Rz) ∼ (35, 19) µm. Following Hodby et al. [19],
we modified the TOP trap’s rotating bias field to form a slowly
rotating elliptical potential well, which in turn spun up the
BECs such that a triangular lattice of vortices was formed.
The vortex lattice provided a reproducible and easily recog-
nizable pattern of vortex cores for our imaging tests.
As illustrated in Fig. 1, our imaging system consists of
an infinite-conjugate Olympus SLMPLN 20X microscope ob-
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FIG. 2. Raw 60-µm-wide images (lower panels) of a section of silica
nanofiber with a diameter of ∼500 nm (vertically oriented in each
image in the lower panels), shown without the use of background
subtraction or other signal-enhancing techniques. 660-nm imaging
light was used for all images. Upper panels show horizontal cross
sections through each corresponding lower image along the white
line superimposed on the images; image intensity is plotted (arbitrary
units are the same for each cross section). (a) - (c) Dark-field images
taken with a 2.5-ms exposure and using masks with diameters of 100
µm, 370 µm, and ∼1.5 mm respectively. Circular masks were used
for (a) and (c), whereas a wire mask, aligned approximately parallel
to the fiber, was used for (b). (d) Bright-field image of the nanofiber
with no mask in place, taken with a 0.25-ms exposure. See text for a
discussion of the calculated relative signal ratio (RSR) for the cross
sections [23].
jective with a numerical aperture NA=0.25, a theoretical
diffraction-limited resolution of 1.9 µm at a wavelength of
λ=780 nm [20], a working distance of 25 mm, and a focal
length of 9 mm. The objective is followed by a 1:1 relay lens
pair, comprised of two 75-mm focal length achromatic dou-
blets separated by 150 mm. The dark-field imaging mask is
placed at the intermediate Fourier plane, located at the back
focal plane of the relay, between the final relay lens and the
tube lens. The relay lens pair is necessary because the ini-
tial Fourier plane where the mask would ideally be placed is
located within the objective lens housing. Finally, a singlet
lens with a focal length of 175 mm is used as the tube lens.
All BEC images were obtained with a Princeton Instruments
PIXIS 1024 BR back-illuminated CCD camera with 13 µm
x 13 µm pixels. The imaging system has a magnification of
M=19.7±0.4. We used a variety of dark-field masks and sizes
in our imaging tests, described below.
As a first test of the capabilities of our imaging system,
we constructed the system off-line with a microscope slide in
place of one of the 1-mm-thick glass cell walls of the vacuum
chamber, and imaged a silica nanofiber [21, 22] with 660-nm
imaging light. The nanofiber, with a diameter of approxi-
mately 500 nm, provides an example of a sub-micron phase
object with approximately the same diameter as a vortex core,
and thus serves as a suitable imaging test object. Figures 2(a)-
(c) show images of the nanofiber obtained by varying dark-
field mask size, each image acquired using a 2.5-ms exposure
time. The bright-field image shown in Fig. 2(d) is provided
for comparison.
Despite its sub-micron diameter, the nanofiber’s position
can be clearly determined in both the bright-field and dark-
field images. However, in the bright-field image shown in
Fig. 2(d), the detected signal depth from the nanofiber is the
same order of magnitude as background features due to struc-
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FIG. 3. 200-µm-wide images of BECs with a vortex lattice, using
an M = 5, NA = 0.2 imaging system. For each image, the BEC
was released from the trap and allowed to expand for a variable time
texp shown on each image. (a) Reference absorption image of an
expanded BEC with a vortex lattice, obtained using standard methods
of bright-field imaging with background subtraction and grayscale
contrast inversion. (b)-(e) Raw dark-field images of an expanded
BEC with a vortex lattice taken at varying expansion times, with no
background subtraction. A circular mask with diameter of ∼ 1.6 mm
was used for all dark-field images. The lattice becomes unresolvable
between texp = 32 ms and texp = 22 ms.
ture on the probe beam, with a relative signal ratio (RSR) of 3,
a measure of the relative height of the signal compared with
the variations and noise in the background signal [23]. As
shown in Figs. 2(a)-(c), RSR increases with mask size until
the mask begins to alter the profile of the nanofiber signal due
to clipping of the lowest spatial-frequency components in the
refracted signal. The dark-field image of Fig. 2(b) has a RSR
of 27, almost an order-of-magnitude improvement over the
bright-field image. The 370-µm-diameter wire mask used for
the image of Fig. 2(b) is the same wire used for in situ vor-
tex imaging described below, and the resulting image of the
nanofiber has a full width at half maximum (FWHM) of 1.18
± 0.03 µm, a measure of the lower bound of the resolution of
the imaging system rather than a measure of the true size of
the nanofiber. The FWHM was found by fitting a Gaussian
to the intensity profile, and the uncertainty is due to the un-
certainty from the fit combined with the uncertainty reported
above for the system magnification. For the 660-nm probe
wavelength, the calculated diffraction limit of the objective
is 1.61 µm [20], which corresponds to a FWHM of 1.36 µm
for a diffraction-limited point object. Note that the high-pass
spatial-frequency filtering inherent in the dark-field imaging
process acts to narrow the FWHM while increasing the inten-
sity in the side lobes of the Airy diffraction pattern. Because
of this filtering process, it is possible to obtain an image of a
point object that has a FWHM that is slightly smaller than the
diffraction limit, as we observe.
Although our ultimate goal is to image arbitrary 2D vortex
distributions in highly oblate BECs, we chose a vortex lattice
for our initial in situ imaging tests because a lattice is an eas-
ily recognizable pattern of vortices that can be reliably repro-
duced. Additionally, the increase in angular momentum due to
rotating the BEC causes the BEC’s radial width to increase, its
axial width to decrease, and the vortices comprising the lattice
to align with the rotation and imaging axis. A rotating BEC
thus serves as a suitable proof-of-principle test for investigat-
ing the possibility of imaging arbitrary 2D vortex distributions
in highly oblate BECs, which we ultimately intend to study.
As a basis for comparison of the new optical system’s imag-
ing abilities to measure vortex distributions, we used our stan-
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FIG. 4. 80-µm-wide in situ images of BECs obtained with our M∼20,
NA = 0.25 imaging system. Images have been processed by subtrac-
tion of a background image taken in the absence of a BEC. Dark-
field images of the BEC are shown, without a vortex lattice (a), and
with a lattice (b). The wire mask used for both images had diame-
ter of 370 µm, and was aligned horizontally with respect to the im-
age. (c) Dark-field image of a BEC with a vortex lattice, but with a
250-µm-diameter wire mask; vortices are visible within the superim-
posed white rectangle, but not as apparent as in (b), and additional
refracted light reaches the camera. (d) Dark-field image obtained
with a rotating BEC with a vortex lattice when the imaging system
is not properly focused. (e) Zoomed view of the region bounded by
the white rectangle in (b), with pixelation due to the 13 µm x 13 µm
camera pixels. Neighboring vortex cores are separated by a ∼ 9 µm.
(f) Cross-section along the middle row of vortex cores shown in (e);
vertical scale is proportional to pixel intensity; horizontal axis shows
the distance ∆x away from the central vortex core, with the scale cor-
responding to real distances at the object plane. The FWHM of the
central vortex core is δ=2.4±0.5 µm. The The FWHM was found
by fitting a Gaussian to the intensity profile, and the reported error is
due to the uncertainty from the fit.
dard, non-diffraction-limited, M = 5, NA = 0.2 imaging sys-
tem to obtain dark-field images of vortices with a BEC after
a period of expansion. After spinning up a lattice, turning off
the trapping fields, and allowing the BEC to expand for 62
ms, we optically pumped the atoms from the 5 2S 1/2 |F = 1〉
level to the |F = 2〉 level and then imaged on the transition to
the 5 2P3/2 |F′ = 3〉 level. We obtained images of vortex cores
using both standard bright-field absorption imaging, as shown
in Fig. 3(a), and dark-field imaging, as shown in Fig. 3(b). A
circular mask with a diameter of ∼1.6 mm was used for all of
the dark-field images shown in Fig. 3, and the probe detuning
ranged from -1Γ to -2Γ from the |F = 2〉 to |F′ = 3〉 hyperfine
transition. As shown in Figs. 3(b)-(e), vortex core resolvabil-
ity decreased for shorter expansion times. The low magnifi-
cation and NA of the imaging system limited our ability to
resolve two neighboring cores for expansion times less than
about 30 ms. Additionally, a shorter expansion time, with the
corresponding smaller atom cloud, should result in a higher
percentage of the light refracted from the bulk BEC bypass-
ing the mask, thereby reducing contrast between vortex cores
and the bulk BEC.
To image vortex cores within a trapped BEC, we used the
M∼20, NA = 0.25 imaging system previously described. Rep-
resentative in situ dark-field images of a BEC confined within
4the TOP trap are shown in Fig. 4. The dark-field images show
a clear distinction between a BEC without a vortex lattice,
Fig. 4(a), and one with a lattice, Figs. 4(b)-(e). For images
Fig. 4(a)-(c), we used an imaging probe with a 1/e2 beam ra-
dius of ∼ 2 mm, a power of ∼ 0.5 mW, detuning of ∆ = 4.5Γ
from the |F = 2〉 to |F′ = 3〉 transition, and an exposure time of
20 µs. For Fig. 4(b), we measured the separation between vor-
tex cores to be a ∼ 9 µm, as shown in Fig. 4(e). The FWHM
of the central vortex core, shown in Fig. 4(f), was measured to
be δ=2.4±0.5 µm, indicating that the imaging system should
be capable of resolving two vortex cores separated by ap-
proximately this distance. The FWHM is a measure of the
point-spread function for our imaging system rather than the
actual size of the vortex core. The detuning was chosen to
maximize the signal from the vortex cores for the 370-µm-
diameter mask. Such close detuning was destructive to the
BEC, and with these parameters we are limited to acquiring
a single image per BEC. Additionally, due to the low signal
level of these images, we utilized background subtraction to
remove features due to the un-refracted probe light that were
not obstructed by the mask.
As discussed, the size of the dark-field mask determines the
spatial frequency cutoff of the spatial filter. Figure 4(c) shows
dark-field images taken using a mask diameter of 250 µm. The
smaller mask size allows more of the light refracted from the
bulk BEC to reach the camera, reducing the contrast of the
vortex cores. In comparison, the 370-µm-diameter wire mask
used for Fig. 4(b) blocks almost all of the light refracted by the
bulk BEC. Fig. 4(d) shows a representative out-of-focus im-
age of a vortex lattice, obtained with a detuning of ∆ = 4Γ and
a 30-µs exposure. The lattice takes on a honeycomb appear-
ance similar to that observed in an out-of-focus bright-field
absorption image of a vortex lattice. Note that with the excep-
tion of the out-of-focus lattice, we primarily see vortex cores
in the center of the BEC. We speculate that this could be due
to the decrease in density at the edge of the BEC, and cor-
respondingly smaller angles of refraction due to the increase
in healing length. Additionally, the use of a wire mask intro-
duces an asymmetry in the background signal since all spatial
frequencies are blocked in the direction parallel to the wire.
We anticipate that using a precision circular mask with an op-
timized size, and a BEC held in a flat-bottomed potential [24],
will improve our ability to detect vortices across the BEC.
The single-shot, in situ images of bare vortex cores pre-
sented here serve as a promising proof-of-principle indication
that complex vortex dynamics can be measured in a trapped
BEC with additional optimization of the imaging system and
imaging parameters. In numerical studies of 2D quantum tur-
bulence, our particular area of interest, vortex-antivortex an-
nihilation and bound pairs of vortices of the same sign of cir-
culation appear to show minimum inter-vortex separation dis-
tances of approximately ∼ 2 µm for our parameters [2]. Reso-
lutions approaching this scale are already achievable with our
imaging system.
The primary hurdle in extending this technique to captur-
ing multiple images of a single BEC is the achievement of a
sufficient RSR, given the large probe detuning and low probe
intensity necessary for minimally-destructive imaging. One
significant advantage of dark-field imaging is the minimiza-
tion of background light, allowing for weak signals to be ob-
tained and amplified without the need for background image
subtraction. This potential advantage will be especially use-
ful for measurements of vortex dynamics where the time be-
tween images is expected to be on the order of 10 ms. In the
dark-field in situ images presented here, background image
subtraction was necessary due to low signal levels and rela-
tively high levels of weakly scattered probe light reaching the
camera, and further optimization of the probe beam profile
and dark-field mask will be necessary to utilize raw images
without the need for background subtraction.
While the Olympus objective used for our imaging system
appears to be a suitable commercial objective given the phys-
ical constraints of our apparatus, this microscope objective is
optimized for visible light, and its transmission is approxi-
mately 60% for our operating wavelength of 780 nm. Ad-
ditionally, the relay lenses required to place the mask in an
accessible intermediate Fourier plane introduce aberrations to
the imaging system, making it more difficult to block all of
the weakly scattered imaging light.
In addition to optimizing the imaging parameters men-
tioned above, we are currently implementing other modifi-
cations that should improve both the image quality and the
RSR. We are installing a custom objective, optimized for 780-
nm imaging probe light, with an accessible back focal plane,
based on the design of Ref. [25]. We also anticipate that us-
ing a CCD camera with electron multiplying (EMCCD) gain
capabilities, in conjunction with dark-field imaging, will re-
sult in a significant increase in the overall signal-to-noise ra-
tio, and will enable the use of imaging light further detuned
from resonance. Recently Gajdacz et al. have used an EM-
CCD camera and dark-field Faraday imaging to obtain thou-
sands of images of a single BEC [26]. In situations with low
signal, but also low background light levels, the pre-readout
amplification of an EMCCD camera should be beneficial in
imaging vortex distributions.
We have demonstrated single-shot in situ imaging of vor-
tex cores in a BEC. Based on this result, we anticipate that
improvements will enable minimally destructive, multi-shot,
in situ imaging of vortices and their dynamics within a single
BEC. Access to such images will open up new possibilities
for experiments to study numerical and theoretical predictions
of 2D quantum turbulence [27–30], our primary goal, and an
even wider range of superfluid dynamics.
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